In hippocampal pyramidal cells, dopamine acts at D1 receptors to reduce peak Na ؉ currents by activation of phosphorylation by PKA anchored via an A kinase-anchoring protein (AKAP15). However, the mechanism by which AKAP15 anchors PKA to neuronal Na ؉ channels is not known. By using a strategy of coimmunoprecipitation from transfected tsA-201 cells, we have found that AKAP15 directly interacts with Na v1.2a channels via the intracellular loop between domains I and II. This loop contains key functional phosphorylation sites. Mutagenesis indicated that this interaction occurs through a modified leucine zipper motif near the N terminus of the loop. Whole-cell patch clamp recordings of acutely dissociated hippocampal pyramidal cells revealed that the D1 dopamine receptor agonist SKF 81297 reduces peak Na ؉ current amplitude by 20.5%, as reported previously. Disruption of the leucine zipper interaction between Na v1.2a and AKAP15 through the inclusion of a small competing peptide in the patch pipette inhibited the SKF 81297-induced reduction in peak Na ؉ current, whereas a control peptide with mutations in amino acids important for the leucine zipper interaction did not. Our results define the molecular mechanism by which G protein-coupled signaling pathways can rapidly and efficiently modulate neuronal excitability through local protein phosphorylation of Na ؉ channels by specifically anchored PKA. sodium channel V oltage-dependent Na ϩ channels play a primary role in neuronal excitability (1) and are a critical target for neuromodulation (2). The Na ϩ channel ␣ subunit is phosphorylated by PKA in vitro (3, 4) and in intact cells (5), and this reduces peak Na ϩ current in expression systems (6-9) and in neurons (6, 8) . Recent research has established that neuromodulation of the Na ϩ channel by PKA, as well as PKC, is caused by voltagedependent enhancement of intrinsic slow inactivation (10, 11).
In hippocampal pyramidal cells, dopamine acts at D1 receptors to reduce peak Na ؉ currents by activation of phosphorylation by PKA anchored via an A kinase-anchoring protein (AKAP15). However, the mechanism by which AKAP15 anchors PKA to neuronal Na ؉ channels is not known. By using a strategy of coimmunoprecipitation from transfected tsA-201 cells, we have found that AKAP15 directly interacts with Na v1.2a channels via the intracellular loop between domains I and II. This loop contains key functional phosphorylation sites. Mutagenesis indicated that this interaction occurs through a modified leucine zipper motif near the N terminus of the loop. Whole-cell patch clamp recordings of acutely dissociated hippocampal pyramidal cells revealed that the D1 dopamine receptor agonist SKF 81297 reduces peak Na ؉ current amplitude by 20.5%, as reported previously. Disruption of the leucine zipper interaction between Na v1.2a and AKAP15 through the inclusion of a small competing peptide in the patch pipette inhibited the SKF 81297-induced reduction in peak Na ؉ current, whereas a control peptide with mutations in amino acids important for the leucine zipper interaction did not. Our results define the molecular mechanism by which G protein-coupled signaling pathways can rapidly and efficiently modulate neuronal excitability through local protein phosphorylation of Na ؉ channels by specifically anchored PKA.
sodium channel V oltage-dependent Na ϩ channels play a primary role in neuronal excitability (1) and are a critical target for neuromodulation (2) . The Na ϩ channel ␣ subunit is phosphorylated by PKA in vitro (3, 4) and in intact cells (5) , and this reduces peak Na ϩ current in expression systems (6) (7) (8) (9) and in neurons (6, 8) . Recent research has established that neuromodulation of the Na ϩ channel by PKA, as well as PKC, is caused by voltagedependent enhancement of intrinsic slow inactivation (10, 11) .
The hippocampus receives rich dopaminergic innervation from the mesocorfico limbic system (12) . Activation of D1-like dopamine receptors, which stimulates adenylate cyclase activity (13), reduces peak Na ϩ current amplitude in hippocampal pyramidal cells without altering the voltage dependence of activation or fast inactivation (8) . This effect is caused by PKA phosphorylation of a family of key sites in the intracellular loop connecting domains I and II of the channel (8, 9, 14) . Na ϩ channels bind PKA via interaction with A kinase anchoring protein 15 (AKAP15) (15) . Effective neuromodulation by PKA requires anchoring of the kinase to the channel by AKAP15 (16) . AKAP15 interacts with L I-II of the neuronal Na ϩ channel (14) , which is the region of the channel that contains most of the functionally significant phosphorylation sites (8, 9, 14, (17) (18) (19) . However, the site and mechanism through which this interaction occurs are unknown.
AKAPs are functionally related proteins having a targeting domain that directs them to a specific subcellular compartment or substrate and a kinase-anchoring domain with an amphipathic ␣-helix that binds the regulatory subunit of PKA (20) (21) (22) (23) (24) (27, 28 ). Here we demonstrate that AKAP15 interacts with the neuronal Na ϩ channel (Na v 1.2a) in the N-terminal region of L I-II through a modified leucine zipper motif, suggesting a conserved mechanism for AKAP interaction with ion channels. Dopaminergic modulation of hippocampal Na ϩ currents is inhibited by competing peptides that disrupt this interaction but not by control peptides with mutations in the leucine zipper-like motif. Our results define the mechanism by which G protein-coupled signaling pathways can rapidly and efficiently modulate neuronal excitability through local protein phosphorylation of sodium channels by specifically anchored PKA.
Results

AKAP15 Directly Interacts with the N-Terminal Domain of LI-II of
Nav1.2. Previous work has established that AKAP15 interacts with brain Na ϩ channels in the intracellular loop between domains I and II (L I-II ) (14) . To further characterize this interaction, myc-tagged, lipid-anchored L I-II constructs were cotransfected with AKAP15 into tsA-201 cells, and coimmunoprecipitation experiments were performed (Fig. 1) . A myc Ab was used to pull down the L I-II constructs from cellular lysates, and an AKAP15 Ab was used to probe immunoblots to detect coimmunoprecipitation. The complete loop (p428-753) coimmunoprecipitated AKAP15, as expected (Fig. 1B) . The Nterminal portion of L I-II (p428-519) coimmunoprecipitated AKAP15 as well, indicating that AKAP15 interacts with Na v 1.2 within this 92-aa portion of the channel (Fig. 1B) . Fusion proteins p509-600, p590-681, and p671-753 did not coimmunoprecipitate AKAP15, despite robust expression and immunoprecipitation of these constructs (Fig. 1B) . Modified leucine zipper interactions are known to mediate the interaction between AKAPs and ion channels (29, 30) , including Ca v 1.1 and Ca v 1.2 (27, 28) . To determine whether L I-II of Na v 1.2 might contain a leucine zipper motif, we performed secondary structure prediction analysis (31) , which indicated that the N-terminal region of L I-II is likely to be ␣-helical and has a high probability of forming a coiled coil.
Leucine zippers are characterized by heptad repeats of hydrophobic amino acids (32, 33) . To test whether Na v 1.2 and AKAP15 interacted through a modified leucine zipper motif in vivo, we cotransfected p428 -519 and a mutant AKAP15 (AKAP15 L42,49A) into tsA201 cells. This mutant has a heptad repeat of leucines at positions 42 and 49 that have been changed to alanine, substitutions that are known to diminish the ability of leucine zipper motif to mediate protein-protein interactions without disrupting the overall structure of the protein (34) . Whereas WT AKAP15 coimmunoprecipitates with p428-519, AKAP15 (L42,49A) does not, despite robust expression of the mutant (Fig. 2) .
To determine the complementary binding site on Na v 1.2, we made alanine mutations of candidate sites within the predicted coiled-coil region of L I-II (Fig. 3A) . When the p428-519 (F446A/ L453A) double mutant was cotransfected into tsA-201 cells along with WT AKAP15, coimmunoprecipitation of AKAP15 was significantly reduced compared with WT p428-519, despite robust immunoprecipitation and expression of the mutant channel fragment (Fig. 3B) . The p428-519 (F446A/L450A/L453A) triple mutation caused further reduction of the coimmunoprecipitation of AKAP15 (Fig. 3B ). Taken together, these data provide evidence that AKAP15 and Na v 1.2 specifically interact through a modified leucine zipper motif.
AKAP15 Binding to Neuronal Na ؉ Channels via a Modified Leucine Zipper Interaction Is Required for Dopaminergic Modulation of Hip-
pocampal Na ؉ Currents. Previous studies have shown that dopamine agonists cause PKA-dependent regulation of brain Na ϩ channels in hippocampal pyramidal neurons (6, 8, 35) . To test whether this neuromodulation requires specific anchoring of PKA to the modified leucine zipper motif in L I-II of the Na v 1.2 channel, we performed whole-cell voltage clamp experiments on acutely dissociated pyramidal cells. Na ϩ currents were recorded by using solutions that inhibited other voltage-dependent currents (see Materials and Methods) (36) . Cells were held at a potential of Ϫ70 mV, and a 40-ms depolarizing step to Ϫ20 mV was applied once every 2 s. Under these conditions, sodium currents remained stable for the duration of the experiment. Application of 5 M SKF 81297, a specific D1 dopamine receptor agonist, reduced peak Na ϩ current by 20.5 Ϯ 4.1% (Fig. 4 A and B; n ϭ 6), whereas no change in Na ϩ current was observed during perfusion with control solution (Fig. 4 C and D) . These results are in good agreement with data reported previously for the modulation of Na ϩ current by dopamine agonists in hippocampal pyramidal cells (8) .
To test the functional role of the AKAP15-Na ϩ channel interaction in dopaminergic neuromodulation of pyramidal cell Na ϩ currents, we recorded whole-cell Na ϩ currents from acutely dissociated hippocampal pyramidal cells with a small competing peptide (AKAP15 LZ; 100 M) in the patch pipette (27) . This peptide contains the leucine zipper-like region of AKAP15, which interacts with L I-II of the Na ϩ channel in vitro (Fig. 2 ). When AKAP15 LZ was included in the pipette, and 5 min were allowed for intracellular dialysis, SKF 81297 no longer effectively modulated the hippocampal pyramidal cell Na ϩ current (Fig. 5  A, B , and E; n ϭ 6). As a negative control, experiments were performed with a mutant control peptide (AKAP15 LZM; 100 M). The AKAP15 LZM peptide contains leucine-to-alanine mutations, which inhibit the binding of AKAP15 to L I-II of Na v 1.2. When the AKAP15 LZM peptide was included in the pipette, and 5 min were allowed for intracellular dialysis, SKF 81297 application reduced Na ϩ current amplitude 22.5 Ϯ 3.02% (Fig. 5 C-E; n ϭ 7) . Thus, the block of SKF 81297 modulation by the AKAP15 peptide is attributable to its inhibition of AKAP15 anchoring to the channel and not to nonspecific effects of the peptide itself. Altogether, our data show that targeting of PKA to Na ϩ channels via a modified leucine zipper interaction between AKAP15 and L I-II of Na v 1.2 plays an Interaction. Neuromodulation of Na ϩ channels through protein phosphorylation is an important form of neuronal plasticity that can alter the input-output relationship of a cell by reducing its overall excitability (2). Here we show that, in hippocampal pyramidal cells, dopamine modulation of whole-cell Na ϩ current via PKA phosphorylation requires PKA to be specifically anchored to the channel by AKAP15 via a leucine zipper-like motif located adjacent to the sites of phosphorylation in L I-II of Na v 1.2 channels.
Coimmunoprecipitation experiments from transfected cells demonstrate that AKAP15 interacts with the N terminus of the intracellular loop connecting domains I and II of the channel ␣ subunit between amino acids 428 and 519, but not with other regions of L I-II . Secondary structure prediction analysis indicates that this region of the channel is helical and has a high probability of forming a coiled coil. Mutation of a heptad repeat of leucines to alanine at positions 42 and 49 of AKAP15 inhibited its coimmunoprecipitation by the N terminus of L I-II . Similar alanine mutations of a heptad repeat of hydrophobic amino acids in the N terminus of L I-II of Na v 1.2 (F446A/L453A) also caused an inhibition of the coimmunoprecipitation of AKAP15 by this region of the channel. Moreover, whole-cell voltage clamp experiments in which a dominant-negative peptide that contains the leucine zipper-like motif of AKAP15 was dialyzed into hippocampal pyramidal cells show that the reduction in peak Na ϩ current caused by the specific D1-like dopamine receptor agonist SKF 81297 requires the specific interaction of AKAP15 with brain Na ϩ channels. In contrast, a peptide containing alanine mutations of the leucines at positions 42 and 49 of AKAP15 did not inhibit the dopaminergic neuromodulation of whole-cell Na ϩ currents. Taken together, these data indicate that AKAP15 and brain Na ϩ channels interact through a leucine zipper-like motif and that this specific interaction is necessary for the dopamine-induced PKA regulation of Na ϩ channels in hippocampal pyramidal cells. Thus, dopaminergic neuromodulation of hippocampal Na ϩ channels requires a functional signaling complex composed of the Na ϩ channel ␣ subunit, AKAP15, and PKA.
Leucine Zipper Interactions and Ion Channels. Our results show that Na v 1.2 channels contain a leucine zipper-like motif that plays a role in mediating binding to the kinase anchoring protein AKAP15. Modified leucine zipper interactions have previously been shown to play a role in the regulation of a variety of other ion channels (29, 30) . AKAP15 is known to bind to the C terminus of skeletal muscle Ca v 1.1 channels via a modified leucine zipper (27) . This interaction is required for effective voltage-dependent potentiation of the channels through PKA phosphorylation of sites on the C terminus (27) . Similarly, Ca v 1.2 channels in cardiac myocytes also target AKAP15 to the C terminus of the channel via a modified leucine zipper (28) . Disrupting this interaction prevents ␤-adrenergic receptor-and PKA-dependent regulation of L-type Ca 2ϩ currents in ventricular myocytes (28) . Yotiao (37, 38) , another AKAP, targets PKA and protein phosphatase 1 (PP1) to hKCNQ1 cardiac K ϩ channels via a leucine zipper (39) . Interestingly, an inherited long QT syndrome mutation (hKCNQ1-G589D) disrupts the leucine zipper in hKNCNQ1 and prevents ␤-adrenergic regulation of the slow outward K ϩ current (39). Thus, a mutation in an ion channel leucine zipper motif that disrupts a macromolecular signaling complex may play a role in human disease. The leucine zipper-like motif in Na v 1.2 is shorter than a ''classical'' leucine zipper. In addition, one of the hydrophobic amino acids involved in the interaction between the channel and AKAP15 is phenylalanine, not leucine or isoleucine. Phenylalanine residues are also present in the modified leucine zipper motif of Ca v 1.2 and Ca v 1.4 channels, suggesting that this may be common in the modified leucine zipper interactions of ion channels. The affinity of modified leucine zipper interactions involving phenylalanine would be expected to be lower than leucine, which may allow reversible association of AKAP15 with ion channels in a cellular context. The alanine mutations we made inhibited the coimmunoprecipitation of AKAP15, demonstrating that those residues are involved in the interaction between Na v 1.2 and AKAP15. The leucine zipper-like motif that we identified is highly conserved in the Na v 1 family of voltagegated Na ϩ channels (Fig. 6A) , suggesting that it may be involved in PKA regulation in this large group of proteins. In addition to Na v 1.2, the Na v 1.1, Na v 1.7, and Na v 1.8 channels expressed primarily in neurons and the Na v 1.5 channel expressed primarily in heart are all regulated by PKA (40) (41) (42) (43) . In contrast, the Na v 1.6 channel expressed primarily in neurons and the Na v 1.4 channel expressed primarily in skeletal muscle are not regulated by PKA (40, 41) . Because all of these channels retain the modified leucine zipper motif, differences in the serine residues that are the targets for PKA phosphorylation are likely to be responsible for the differential regulation.
Functional Implications of AKAP15 in Dopaminergic Modulation of Na ؉ Channels. AKAPs act to compartmentalize and add specificity to PKA signaling (22, 24, 44, 45) , which is known to control numerous physiological processes in neurons, including the modulation of multiple classes of ion channels (46) . Specific anchoring of PKA ensures that the appropriate target is phosphorylated in response to a particular signal. In the case of Na ϩ channels in hippocampal pyramidal cells, normal dopamine signaling is achieved only when PKA is anchored directly to the L I-II of the channel. Although nonanchored PKA is capable of phosphorylating and modulating Na ϩ channels, as is the case in nonneuronal expression systems that do not contain AKAP15 such as Xenopus oocytes, it seems likely that rapid modulation on the millisecond timescale in neurons requires that the kinase is anchored in close proximity to the phosphorylation sites. L I-II of Na v 1.2 contains numerous PKA phosphorylation sites, with S573 phosphorylation accounting for the majority of channel modulation (8, 9, 14) . Thus, our current work suggests a mechanism by which G protein-coupled signaling pathways can rapidly and efficiently modulate neuronal excitability through local protein phosphorylation of Na ϩ channels by specifically anchored PKA. 
